In this study, the interface structures, atom-resolved magnetism, density of states, and spin polarization of 10 possible atomic terminations in the Ti 2 CoAl/MgO(100) heterojunction were comprehensively investigated using first-principle calculations. In the equilibrium interface structures, the length of the alloy-Mg bond was found to be much longer than that of the alloy-O bond because of the forceful repulsion interactions between the Heusler interface atoms and Mg atoms. The competition among d-electronic hybridization, d-electronic localization, and the moving effect of the interface metal atoms played an important role in the interface atomic magnetic moment. Unexpected interface states appeared in the half-metallic gap for all terminations. The "ideal" half-metallicity observed in the bulk had been destroyed. In TiAl-Mg and AlAl-O terminations, the maximal spin polarization of about 65% could be reserved. The tunnel magnetoresistance (TMR) value was deduced to be lower than 150% in the Ti 2 CoAl/MgO(100) heterojunction at low temperature.
Introduction
The magnetic tunnel junction (MTJ) usually has a large tunnel magnetoresistance (TMR) value and has become a key component of many advanced magnetic devices, such as the read heads in hard-disk drives [1] [2] [3] [4] , magnetoresistive random access memories [5] , and the next generation of high-density, nonvolatile memories and logic devices [6] [7] [8] [9] [10] The core component of MTJ is a "sandwich" stack usually consisting of two ferromagnetic layers and a seeding layer. The direction of the two magnetizations of the ferromagnetic layers can be switched individually by an external magnetic field. If the magnetizations are in a parallel orientation, the electrons tend to tunnel through the seeding layer more than if they are in the antiparallel orientation. Consequently, such a MTJ can be switched between two states of electrical resistance-one with low and one with very high resistance.
In our previous work, the inverse Heusler alloy Ti 2 CoAl was intensively studied owing to its theoretical 100% spin polarization in the bulk phase from first-principle calculations. The doping effects of d-electrons on the electronic structure and magnetism of the inverse Heusler alloy Ti 2 CoAl were also investigated by substituting Nb and V atoms with Ti(A) and Ti(B) atoms. The doped compounds Ti 1.25 V 0.75 CoAl and Ti 1.5 Nb 0.5 CoAl effectively inhibited the spin-flip excitation and were shown to be promising candidates for spintronic applications [33] . We also investigated the effect of swap, antisite, and vacancy defects on the inverse Heusler alloy Ti 2 CoAl. A Ti vacancy and a high spin polarization of around 95% were observed in the Co-Al swap [12] . For Heusler MTJ applications, evidence of high spin polarization on the surface are crucial because the potential surface states appearing in the minority spin gap can easily destruct the "ideal" spin polarization in the bulk phase, as has been reported many times in Cu 2 MnAl-type Heusler alloys. Moreover, (100) surfaces have been comprehensively detected for the Ti 2 CoAl system by researchers. Given the surface states, the calculated surfaces failed to preserve the half-metallicity observed in the bulk, and high surface spin polarizations were predicted in only the CoCo and AlAl terminations [34] .
To obtain direct evidence of inverse Heusler MTJs, we extended our research to Ti 2 CoAl heterojunctions. Given its popular use as a binary semiconductor and its well-matching structure with that of Heusler alloys, MgO was selected as the seeding layer in Ti 2 CoAl MTJ. Therefore, the Ti 2 CoAl(100)/MgO interfaces were further examined in this work. Given the fact that interface atomic disorder can significantly change the spin polarization of Heusler MTJs [14] , apart from the standard epitaxial Heusler terminated surfaces cleaved along the Miller indices (100) crystal direction (i.e., TiCo and TiAl terminations), the modified artificial terminations that cape the pure atoms (i.e., TiTi, CoCo, and AlAl terminations) were also examined to extensively search for possible films with a high spin polarization. In this work, inverse Heusler surfaces were epitaxially grown on an MgO(100) substrate to create possible Ti 2 CoAl(100)/MgO heterojunctions. To understand the physical and chemical properties of the inverse alloy Ti 2 CoAl/MgO interface, the structures, magnetism, and electronic properties of Ti 2 CoAl(100)/MgO heterojunctions with varying atomic interfaces were comprehensively investigated.
Structures and Calculation Methods
In the calculations, the Ti 2 CoAl bulks with an Hg 2 CuTi structure were geometrically optimized to find the minimal energy structures. Afterward, the optimized bulk structure was cleaved along the Miller indices (100) crystal direction to create all cases of "ideal" epitaxial terminated surfaces, namely, TiCo and TiAl terminations. The modified TiTi, CoCo, and AlAl terminations were created by the surface atoms that act as substitutes for the Ti, Co, and Al atoms in the "ideal" terminations. In the interface calculations, nine and seven atomic layers were taken for Heusler alloys and MgO, respectively, and they were connected with each other to form a supercell. When all possible atomic interfaces came in contact with one another, 10 potential Ti 2 CoAl/MgO(100) junctions were created, as shown in Figure 1 . The thicknesses of these junctions were large enough for the central regions. The tested calculations revealed that the atomic moments in the middle layer were extremely close to the bulk values. In the interface calculations, we only focused on the region of three interface layers in the heterojunction given that they produced the greatest influence on the electronic and magnetic properties of Ti 2 CoAl/MgO(100) junctions.
All calculations were performed using the CASTEP Package and by adopting the density functional theory (DFT). The exchange-correlation interaction was described by performing Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [35] . To deal with the electron-ion interaction, we adopted Vanderbilt-type ultrasoft pseudopotentials [36] and the valence electron configurations of Ti (3d 2 4s 2 ), Co (3d 7 s 2 ), Al (3s 2 3p 1 ), Mg (3s 2 ), and O (2s 2 2p 4 ). For the optimizations of the bulks, we initially assumed that all alloys were ferromagnetic and then applied spin polarization and the 7 × 7 × 7 mesh of special k-points in the Brillouin zone. In the self-consistent calculation, we selected the refined 1 × 10 −6 eV/atom and 360 eV as the self-consistent field (SCF) convergence criterion and energy cutoff, respectively. When the positions of atoms were relaxed, we set a convergence criterion of 0.02 eV/Å. To investigate the electronic density of states, we inserted a refined 0.3 Å grid space between k-points in the Brillouin zone. For the interface calculations, we geometrically optimized all supercells using the same parameters employed in the bulk calculation. All technical parameters were tested carefully to ensure the accuracy of the results. 
Results and Discussion

Interface Structures
The structures in Figure 1 represent the lowest-energy configurations after the geometry optimization. The interface atomic layers were planar before the optimization, and the optimized atomic layers were uneven due to the different atomic interactions. As can be seen in Figure 1a -e, in the alloy-Mg terminations, all interface atoms, especially the Co atoms, demonstrated an inward movement, which was similar to their surface behaviors in Heusler alloys [14, 34] . In the Heusler terminations where the interface atoms came in contact with the top Mg atoms, the Heusler and MgO atomic layers were repelled very far. For the alloy-O terminations, the distance between the Heusler and MgO layers was reduced due to the atomic bonding interaction at the interface layers (see Figure 1 f-j). The shrinking phenomenon of interface atoms could still be observed. Table 1 lists the bond types and lengths at different interfaces. The Co-Mg bond in the CoCo-Mg termination had the longest length, while the Al-O bond in the AlAl-O termination had the shortest length. The bond lengths in the alloy-Mg terminations were obviously longer than those in the alloy-O terminations because of the forceful repulsion interactions between the Heusler interface atoms and the Mg atoms, especially those between the metal and Mg atoms. Moreover, the interface repulsion interactions of metal-Mg or metal-O were more vigorous than those of Al-Mg or Al-O. In the TiCo-Mg and TiCo-O terminations, the bond lengths of Co-Mg and Co-O were longer than those of Ti-Mg and Ti-O, thereby creating an uneven interface atomic layer that led to further spin electronic scattering from the mechanical mismatch interface layers to weaken the spin polarization [37] . 
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The structures in Figure 1 represent the lowest-energy configurations after the geometry optimization. The interface atomic layers were planar before the optimization, and the optimized atomic layers were uneven due to the different atomic interactions. As can be seen in Figure 1a -e, in the alloy-Mg terminations, all interface atoms, especially the Co atoms, demonstrated an inward movement, which was similar to their surface behaviors in Heusler alloys [14, 34] . In the Heusler terminations where the interface atoms came in contact with the top Mg atoms, the Heusler and MgO atomic layers were repelled very far. For the alloy-O terminations, the distance between the Heusler and MgO layers was reduced due to the atomic bonding interaction at the interface layers (see Figure 1f-j) . The shrinking phenomenon of interface atoms could still be observed. Table 1 lists the bond types and lengths at different interfaces. The Co-Mg bond in the CoCo-Mg termination had the longest length, while the Al-O bond in the AlAl-O termination had the shortest length. The bond lengths in the alloy-Mg terminations were obviously longer than those in the alloy-O terminations because of the forceful repulsion interactions between the Heusler interface atoms and the Mg atoms, especially those between the metal and Mg atoms. Moreover, the interface repulsion interactions of metal-Mg or metal-O were more vigorous than those of Al-Mg or Al-O. In the TiCo-Mg and TiCo-O terminations, the bond lengths of Co-Mg and Co-O were longer than those of Ti-Mg and Ti-O, thereby creating an uneven interface atomic layer that led to further spin electronic scattering from the mechanical mismatch interface layers to weaken the spin polarization [37] . Table 2 summarizes the atom-resolved magnetic moments (AMMs) at the interface and subinterface layers in Ti 2 CoAl and at the interface layer in MgO for various terminations of the Ti 2 CoAl/MgO(100) interface. To facilitate comparisons with the bulk and surface values, the calculated atom-resolved magnetic moments per cell in Ti 2 CoAl bulk and (100) surfaces (TiAl termination and TiCo termination) are also listed in this table. The AMMs from the middle layers were close to the corresponding bulk values, thereby indicating that the implemented GGA + PBE scheme could reliably deal with the Heusler hertrojunction system. The middle layer is also called the bulk-like layer. Following the reduction of atomic coordination numbers at the surfaces, the crystal field was weakened, and the localization of d-electron atoms were enhanced, thereby resulting in the rehybridization of Ti and Co atoms. As a result, the surface Ti AMM was obviously enhanced when compared with the bulk value. For the surface and subsurface Co atoms, the AMM slightly decreased owing to the enhanced d-electronic hybridization caused by the surface Co atomic shrink. This same result had also been obtained in our previous work [34] . Similar surface behaviors were also observed in Ti 2 FeGe(001) [38] and Co 2 MnGe(111) [39] .
Interface Magnetic Behaviors
Interface AMMs are various and complex. The Ti may be located at the (0, 0, 0) or (0.25, 0.25, 0.25) sites and presents different AMMs in the bulk [29] . Table 2 shows that in the alloy-Mg terminations, the interface and subinterface Ti AMMs were slightly larger than those at the middle layers, thereby suggesting that the d-electron localization originating from relatively large metal-Mg bond lengths was enhanced. However, for the interface Co atom, the fierce inward shrink promoted the d-electron hybridization to resist d-electronic localization. Therefore, the interface Co AMMs, except for the CoCo-Mg termination, slightly decreased. In the alloy-O terminations, the relatively short metal-O bond lengths reduced the part of d-electron localization, thereby leading to a remarkable direct magnetic exchange. Therefore, the interface or subinterface Ti and Co AMMs in the alloy-O terminations, except for the CoCo-O termination, had low values. The modified CoCo-O or CoCo-Mg terminations were created by the surface atoms substituted for the Ti atoms in the "ideal" TiCo-Mg or TiCo-O terminations. Therefore, the two interface Co atoms had different magnetic properties. In the CoCo-Mg and CoCo-O terminations, given that the periodic structure of the Heusler crystal field was cut off and considering the competition between the localization and hybridization of d-electrons, the interface Co AMM was a large value, especially in the CoCo-Mg termination. Meanwhile, for the interface Al atom, the absolute value of AMMs decreased as a result of the reduced magnetic atoms. In MgO films, the interface or subinterface Co and Mg atoms suffered from an extremely small spin polarization and had zero spin magnetism in most cases. 
Interface Electronic Properties
In order to analyze the electronic properties of interface layer atoms, the densities of state (DOS) of the two outermost layer atoms in Heusler alloy Ti 2 CoAl and the first interface layer atom in MgO for 10 potential terminations were analyzed in the Ti 2 CoAl/MgO surpercell. Figure 2 shows that the atom-resolved DOS at the middle layer was extremely close to the feature of the bulk. In all 10 terminations, we could find that the spin-down gap in the bulk had been destroyed. In TiAl-Mg and AlAl-O termination, the spin-down gap narrowed down compared with the middle layers. In the rest of the eight terminations, some peaks from interface/subinterface Co or Ti atoms appeared in the spin-down gap and crossed the Fermi level. For the interface/subinterface Al atom, a slight spin polarization was observed at the Fermi level. In all 10 terminations, all interface Mg and O atoms suffered an extremely small spin polarization at the Fermi level, thereby indicating that the interface alloy-Mg and alloy-O bonding was not strong enough to contribute to the electronic properties at the Fermi level. Unfortunately, unexpected interface states appeared at the Fermi level and destroyed the "ideal" half-metallicity observed in the bulk. Meanwhile, the interface states in the AlAl-Mg, TiTi-Mg, TiCo-Mg and TiTi-O terminations had entirely filled the spin-metallic gaps in the spin-down channel at the Fermi level. By contrast, in the CoCo-Mg and CoCo-O terminations, the electronic structure was very similar to the behavior of the middle layer atoms. Evidence of high spin polarization has been previously reported in the CoCo termination of the Ti 2 CoAl(100) surface system [34] . In the TiAl-Mg and AlAl-O terminations, the half-metallic gap suffered minimal destruction, and the DOSs were in accordance with that of the middle layer atoms. We deduced that a high spin polarization might be reserved in these terminations.
Given the significance of interface polarization in MTJs, we examined the interface spin polarizations in various terminations, especially for the several interface layers in contact with the MgO slab. Table 3 summarizes the spin polarization P, spin-up state density N ↑ , and spin-down state density N ↓ at the Fermi level. The contributions from the interface and subinterface layers in Ti 2 CoAl (labeled I-type) and from the three interface layers with the addition of the first interface layer in MgO (labeled II-type) were also analyzed. Surprisingly, the lowest value was less than 1% in three interface layers for the TiTi-Mg terminations for the TiCo-Mg, TiAl-Mg, and AlAl-Mg terminations. However, for the first two interface layers in the Ti 2 CoAl slab, the P value was the largest. According to the Julliere formula, we could deduce that the TMR value was not larger than 150% in the Ti 2 CoAl/MgO(100) heterojunction at low temperature. largest. According to the Julliere formula, we could deduce that the TMR value was not larger than 150% in the Ti2CoAl/MgO(100) heterojunction at low temperature. 
Conclusions
Using the first-principle calculations within DFT, the interface structures, atom-resolved magnetism, atom-resolved DOS, and spin polarization of 10 atomic terminations in the Ti 2 CoAl/MgO(100) heterojunction were systematically examined. The results revealed that in equilibrium interface structures, the length of the alloy-Mg bond was much longer than that of the alloy-O bond because of the forceful repulsion interactions between the Heusler interface atoms and Mg atoms, especially those between metal atoms and Mg atoms. Owing to the competition among d-electron hybridization, d-electron localization originating from interface atomic bonding, and the moving effect of interface metal atoms, the interface atomic magnetic moments were complex and varied. In general, the interface atomic magnetism was slightly larger than the corresponding bulk-like layer atoms in alloy-Mg terminations. However, the opposite magnetic behavior was observed in alloy-O terminations. Analyzing the electronic properties near the Fermi level, we found that unexpected interface states appeared at the Fermi level for all terminations and destroyed the "ideal" half-metallicity observed in the bulk. A minimal destruction in the half-metallic gap and a maximal spin polarization of approximately 65% could only be observed in TiAl-Mg and AlAl-O terminations. From the Julliere formula, we could deduce that the TMR value was not larger than 150% in the Ti 2 CoAl/MgO(100) heterojunction at low temperature.
